We performed a comprehensive study on the electrochromism in TiO 2 thin films made by reactive DC magnetron sputtering and elucidated the roles of sputter gas pressure p, O 2 /Ar gas ratio γ and substrate temperature τ s . Good mid-luminous optical modulation-taken to be ~50 % in ~200-nm-thick films-was obtained under charge exchange in a Li + electrolyte for p > 15 mTorr and τ s < 100 °C, whereas γ was less important. The deposition rate dropped for increasing p, and hence p ≈ 15 mTorr was optimal. These films were X-ray amorphous and contained some water. The coloration efficiency η was ~25 cm 2 /C, which exceeds data on η in most prior studies on sputter deposited TiO 2 and verifies that such films can display the same values of η as those of TiO 2 films made by several chemical techniques.
Introduction
Electrochromic (EC) materials are able to change their optical properties reversibly and persistently by charge insertion/extraction [1, 2] . They can be integrated in multilayer constructions devised for energy efficient windows, information displays, etc [3] . EC-based fenestration is of much current interest and can provide significant energy savings in buildings [4] [5] [6] [7] [8] jointly with a comfortable indoor climate [9, 10] .
A conventional EC device incorporates a tungsten oxide thin film separated from another thin film serving as a counter electrode by an ion conductor, and this three-layer stack is embedded between transparent electrical conductors for inserting/extracting the charge [1] .
Tungsten oxide colors under charge insertion, i.e., cathodically. Ideally, the counter electrode should color under charge extraction, i.e., anodically, and a hydrous nickel oxide film is a particularly good option for devices [11] [12] [13] . Another alternative is to have an essentially non-coloring counter electrode.
Thin films and nanoparticles of TiO 2 can display EC properties, and this material has attracted sporadic interest for almost forty years. However, the observed optical properties have not been consistent among different studies, and TiO 2 has been suggested to serve as a cathodically coloring material as well as an essentially non-coloring one; prior literature is surveyed in Sec. 2 below. Having thus set the scene, we turn to a detailed study on the electrochromism in thin TiO 2 films made by reactive DC magnetron sputtering, which is a technique particularly well suited for large-area, large-scale manufacturing [3, 14] . Section 3 describes thin film deposition by reactive DC magnetron sputtering as well as materials characterization, and Sec. 4 reports how the EC properties depend critically on, in particular, the pressure and oxygen/argon mixing ratio in the sputter plasma and on the temperature of the substrate onto which the deposition takes place. Conclusions are given in Sec. 5 . We find that proper choices of deposition parameters lead to films with EC coloration efficiencies on a par with those for the best TiO 2 films prepared by several alternative techniques and reported in earlier literature.
Literature review
A thorough examination of the scientific literature has identified numerous previous studies on the electrochromism of TiO 2 -based thin films and particle coatings. Table I summarizes the most important of these studies and reports film preparation technique and EC efficiency for charge insertion/extraction. The latter property is expressed in terms of a coloration efficiency η taken to be the difference in optical density per amount of charge insertion/extraction. Except when otherwise noted, the data pertain to Li + exchange. In general η depends on the wavelength λ, but for our purposes it is sufficient to state a value that is typical for the luminous range, i.e., for a value in the 400 < λ < 700 nm interval.
We first consider some films made by evaporation [15, 16] , whose coloration efficiency was found to be small. Specifically, Seike and Nagai observed η ≈ 5 cm 2 /C [15] .
Sputter deposition has attracted more widespread interest, and TiO 2 -based films have been prepared by RF [17] [18] [19] [20] [21] [22] [23] and DC techniques [24] [25] [26] [27] . A number of studies have reported small values of η [17] [18] [19] [21] [22] [23] 27] and results from most of them are not included in Table I .
However, we note early work by Cogan et al. [17] who observed η ≈ 5 cm 2 /C across the luminous wavelength range. Significantly larger values were subsequently found by Kitao et al. [20] , who reported η ≈ 9 cm 2 /C for Li + exchange and η ≈ 14 cm 2 /C for H + exchange. An apparently simultaneous study by Yoshimura et al. [26] shed light on the reason why η may vary among different investigations and demonstrated that the coloration efficiency could go from a low value up to as much as η ≈ 29 cm 2 /C when the pressure of the sputtering gas was increased and its composition was varied. These results are important as a motivation for our present investigation and point at the critical role of the film nanostructure and that in general deposition parameters promoting porosity lead to large coloration efficiency. A similar result, though less detailed, was found in work by Lee [22] . An investigation of sputter deposited titanium oxyfluoride films by Azens et al. [24, 25] yielded a record value of η as large 37 cm 2 /C; this was interpreted as a consequence of fluorine incorporation leading to a highly porous, yet electrochemically stable, structure of the thin films. Quenching of the electrochromism, which may be of interest for optically passive electrodes in EC devices, can be accomplished by adding CeO 2 to the TiO 2 [28, 29] .
Sol-gel deposition has been employed in numerous investigations [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . The early works by Doeuff and Sanchez [30] and by Özer et al. [33, 34] [38] . The latter study, as well as the one of Wang and Hu [35] , are of special significance and demonstrated a range of coloration efficiencies depending on heat treatment temperature and that η dropped as the films became denser upon annealing at high temperatures.
Chemical bath deposition has been used several times to make TiO 2 -based films with EC properties [41] [42] [43] [44] and have yielded the coloration efficiencies shown in Table I . A value as high as η ≈ 26 cm 2 /C was reported by Richardson and Rubin [41] . The studies by Lin et al.
[42] and Wang et al. [43] indicate again that annealing and accompanying densification tend to decrease the coloration efficiency.
Among electrochemical methods for making TiO 2 -based films we note that anodization [45] as well as cathodic electrodeposition [46] have been used. The very recent work by Lee et al. [45] showed η ≈ 16 cm 2 /C when the anodization conditions were appropriate for making a "mesoporous" structure. Anodization can be used also for preparing nanotubes, and such samples have shown electrochromism both in H + [47] [48] [49] and Li + electrolytes [50] [51] [52] [53] . It seems that these latter samples are less porous than the mentioned "mesoporous" one, and their coloration efficiencies are not as high.
There are other techniques that are applicable too. Thus a doctor blade technique has been employed recently by Dinh et al. [54, 55] and has given TiO 2 films with η ≈ 34 cm 2 /C.
Furthermore, studies have been conducted on films made by chemical vapor deposition [56, 57] .
For completeness we also observe that a large amount of work has been performed on samples comprising particles and, in fact, the original discovery of an EC effect in TiO 2 was reported in 1974 when color changes of oxide particles in a resin binder had been detected upon polarization between transparent conducting substrates [58] . Subsequent studies have shown reversible color changes, of possible interest for display devices, in TiO 2 powder compacts prepared in various ways [59] [60] [61] [62] [63] [64] [65] . Such compacts have also been used as nanoporous substrates for efficient adsorption of molecular redox chromophores (especially viologens)-in much the same way as for dye sensitized solar cells [66] -which has led to materials of relevance for high-quality reflective EC displays . Powder compacts comprised of Li 4 Ti 5 O 12 were investigated recently and yielded pronounced electrochromism [89] (which may be inferred also from some prior battery-related work [90, 91] ). Furthermore, electrochromism has been observed in porous titania glass [92] .
Finally we note that reversible switching between brightly colored titanium-based surfaces can be accomplished electrochemically by increasing and decreasing an AC voltage in a stepwise manner [93] . This unusual phenomenon appears to be caused by concurrent thin film growth and dissolution and hence is not "electrochromic" in the sense we define the term.
Experimental

Sputter deposition
Thin films of TiO 2 were prepared by reactive DC magnetron sputtering onto glass substrates pre-coated with In 2 O 3 :Sn (indium tin oxide, denoted ITO) having a sheet resistance of 15 Ω/square. Depositions were performed in a versatile system based on a Balzers UTT 400 unit. The chamber was evacuated to ~10 -7 Torr, and argon and oxygen (both of 99.998 % purity) were then admitted through mass-flow-controlled inlets. Sputtering took place from a 5-cm-diameter metallic titanium target (99.995 % pure) at a constant current of 0.75 A. The target-substrate separation was 13 cm. Pre-sputtering was conducted for 5 minutes in pure argon, and oxygen was then introduced at a constant rate in order to make TiO 2 films. Each of the depositions was carried out under constant conditions confined to the following parameter space:
• pressure p of the sputter plasma in the range 10 ≤ p ≤ 40 mTorr,
• oxygen/argon ratio γ of 1.7 ≤ γ ≤ 4 %, and
• substrate temperature τ s of 25 ≤ τ s ≤ 300 °C.
The substrates were rotated during the depositions to ensure even coatings. The investigation included 28 samples in total.
Deposition rate r was inferred from the thickness of a film, removed from the deposition chamber, and its corresponding deposition time. Figure 1 shows rates for a number of samples prepared under different magnitudes of p and γ and for τ s ≈ 25 °C. It is seen that r drops monotonically from ~20 to ~5 nm/minute as p is increased from 10 to 40 mTorr, and that the dependence on γ is weak. The tendency of increased oxygen contents giving lower deposition rates is associated with "substrate poisoning"-i.e., the formation of poorly conducting titanium oxide on the target-and similar results have been documented repeatedly in prior work (for example in Refs. [94, 95] ).
Film characterization
Film thicknesses were recorded with a Bruker Dektak XT surface profilometer.
Thicknesses were measured at four or more places of the samples and individual results were averaged. The samples were found to be 200 ± 20 nm in thickness.
Crystal structures of the TiO 2 thin films were determined by X-ray diffraction (XRD) using a Siemens D5000 diffractometer operating with CuK α radiation at a wavelength of 1.54 Å and with a grazing incidence angle of one degree for diffraction angles 2θ between 20 and 60 degrees. (for example in Ref. [96] ). The crystallite size was ~17 nm, as inferred from the Scherrer equation [97] .
Film characterization by infrared (IR) spectroscopy in the 500-4000 cm -1 range was performed on a Bruker Tensor 27 Fourier Transform (FT) instrument. The resolution was set to 4 cm -1 , and each spectrum was averaged over 100 scans. Figure 3 shows data for TiO 2 films deposited with p = 15 mTorr, γ = 4 % and 100 ≤ τ s ≤ 300 °C as well as for a bare ITOcoated glass plate, i.e., for the same kinds of samples as those reported on in Fig. 2 . All spectra display a broad minimum below 1000 cm -1 , which is consistent with Ti-O stretch modes in TiO 2 [98] . Furthermore there is a wide and shallow minimum between 3600 and 2800 cm -1 for the film deposited at τ s ≈ 25 °C which is associated O-H stretch modes in loosely bound water [98] . were performed under argon atmosphere in a glove box.
Electrochromism
Comprehensive measurements on CV, insertion/extraction of charge density (ΔQ), and The electrochemical reaction for ion exchange is expected to be [1]
with e -denoting electrons.
The roles of sputter gas pressure and composition
We first consider TiO 2 films prepared on unheated substrates. 
The role of substrate temperature
A complementary study, devised to investigate the role of substrate temperature, was performed on TiO 2 films prepared under conditions represented by p = 15 mTorr, γ = 4 % and 25 ≤ τ s ≤ 300 °C. Figure 10 illustrates CV data from which one infers that results for τ s ≈ 25
°C agree well with those at p > 10 mTorr in Fig. 5 . The CVs for τ s > 100 °C are qualitatively different, though, and display anodic peaks at 2.3 V vs Li/Li + and cathodic peaks at ~1.6 V vs Li/Li + . The CVs for τ s = 100 °C are intermediate. Figure 11 reports corresponding data on charge density, which is seen to drop from 30 mC/cm 2 for τ s ≈ 25 °C, to 17 mC/cm 2 at τ s ≈ 100 °C, and to stabilize at a value as low as ~8 mC/cm 2 for τ s > 100 °C; the former of these values agrees excellently with data in Fig. 6 .
Time-dependent optical transmittance at λ = 550 nm was measured during the first ten CV scans for TiO 2 films deposited at p = 15 mTorr, γ = 4 % and 25 ≤ τ s ≤ 300 °C. Figure 12 shows that the optical modulation is large for films made at τ s ≈ 25 °C, small for films prepared at τ s > 100 °C, and intermediate when τ s = 100 °C. 
Cycling durability: Preliminary results
TiO 2 films were deposited onto ITO at p = 25 mTorr, γ = 4 % and τ s ≈ 25 °C and were cycled electrochemically as described in Sec. 3.2 for up to 10,000 times. 
Conclusion
We carried out a comprehensive study on electrochromism in TiO 2 films prepared by reactive DC magnetron sputtering and elucidated the roles of the deposition parameters, specifically the sputter gas pressure, the O 2 /Ar ratio and the substrate temperature. Good optical modulation-taken to be a 50-%-interval for ~200-nm-thick films-was obtained under charge insertion/extraction in a Li + -containing electrolyte when the substrate temperature during thin film deposition was low (below 100 °C, say) and the gas pressure in the sputter plasma was high enough (above ~15 mTorr). For practical reasons, the thin film deposition rate must not be too small and one therefore concludes that a sputter gas pressure of ~15 mTorr may be optimal. These films were amorphous, as seen by X-ray diffraction, and showed traces of adsorbed water as revealed by infrared spectroscopy. The relationship between sputter parameters and thin film structure is in overall agreement with literature data [100] .
The fact that high sputter gas pressure and low substrate temperature were beneficial for electrochromic TiO 2 films is consistent with previous experience gathered from several different oxide films [101] and can be reconciled with "zone diagrams" for thin film evolution under various deposition conditions, such as the well known "Thornton diagram" [102] or one of its more recent elaborations [103] [104] [105] [106] . These diagrams show that the deposition parameters mentioned above are expected to yield nanoporous films with pore axes perpendicular to the film surface. Such structures obviously are conducive to ion diffusion across the electrochromic films and hence to electrochromism.
We found the coloration efficiency of TiO 2 films with well developed electrochromism to be approximately 25 cm 2 /C. This is higher than for films made by sputtering and investigated in prior work, excepting the study by Yoshimura et al. [26] . This study gave results in full agreement with those in our work, albeit at a higher deposition pressure namely 60 mTorr. In particular, the work by Yoshimura et al. [26] pointed at the importance of conducting the sputtering at unusually high pressures (that are known to promote nanocrystallinity [107] , analogously to the case of gas evaporation [108] ). Furthermore, our observed coloration efficiencies are consistent with those in some studies on films prepared by sol-gel deposition [38] , chemical bath deposition [41, 43] , and doctor blade technique [54, 55] . Our earlier work on sputter deposition in the presence of CF 4 in order to make titanium oxyfluoride films is yet the one that produced the highest coloration efficiency (cf. Table I ), but industrial-scale sputter deposition with fluorine-containing gases is more cumbersome (though not impossible [109] ) than reactive deposition in argon and oxygen, which is extremely well proven in the vacuum coatings business [110] . Dashed curves refer to uncoated ITO. Data points were joined by straight lines for convenience. 
